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Abstract
Mice carrying mutant amyloid-β precursor protein and presenilin-1 genes (APP/PS1 double transgenic mice) have frequently been used in studies of Alzheimer's disease; however, such studies have focused mainly on hippocampal and cortical changes. The severity of Alzheimer's disease is known to correlate with the amount of amyloid-β protein deposition and the number of dead neurons in the locus coeruleus. In the present study, we assigned APP/PS1 double transgenic mice to two groups according to age: young mice (5-6 months old) and aged mice (16-17 months old). Age-matched wild-type mice were used as controls. Immunohistochemistry for tyrosine hydroxylase (a marker of catecholaminergic neurons in the locus coeruleus) revealed that APP/PS1 mice had 23% fewer cells in the locus coeruleus compared with aged wild-type mice. APP/PS1 mice also had increased numbers of cell bodies of neurons positive for tyrosine hydroxylase, but fewer tyrosine hydroxylase-positive fibers, which were also short, thick and broken. Quantitative analysis using unbiased stereology showed a significant age-related increase in the mean volume of tyrosine hydroxylase-positive neurons in aged APP/PS1 mice compared with young APP/PS1 mice. Moreover, the mean volume of tyrosine hydroxylase-positive neurons was positively correlated with the total volume of the locus coeruleus. These findings indicate that noradrenergic neurons and fibers in the locus coeruleus are predisposed to degenerative alterations in APP/PS1 double transgenic mice.
INTRODUCTION
Animal models of Alzheimer's disease can be induced by physical injury, organic drug and biological polypeptide injury, autoimmune injury, and transgenes. However, there is as yet no single model that can completely reflect the pathology of Alzheimer's disease. Transgenes can interact in model animals to closely simulate the natural progression of Alzheimer's disease in humans.
Amyloid-β deposition, senile plaques, and activation and proliferation of microglia and astrocytes have been found 2-3 months after birth in the cortex and hippocampus of double transgenic mice carrying mutant amyloid-β precursor protein (APPSwe) and presenilin-1 (PS1)-A246E genes [1] [2] . These pathological changes exacerbate gradually with age, accompanied by changes in neurological function, such as cholinergic dysfunction and learning and memory alterations [3] [4] [5] [6] . Therefore, they are widely used as models for Alzheimer's disease.
A large number of studies have described the pathogenic mechanism and treatments for Alzheimer's disease [7] [8] [9] [10] . Death of neurons in the dorsal raphe nucleus and locus coeruleus is a pathological characteristic of the disease. In one study, the number of locus coeruleus neurons in patients with Alzheimer's disease was 54.5% lower than that in healthy subjects [11] .
Another study showed a 60% decrease in the number of locus coeruleus neurons in patients with either Alzheimer's or Parkinson's disease [12] . The locus coeruleus is the principal site for brain synthesis of noradrenaline and noradrenaline synthetase. Noradrenergic axons project from the locus coeruleus to many locations, including the hippocampus, entorhinal cortex, and prefrontal cortex, and noradrenergic terminals are found adjacent to cell bodies, astrocytes, microglia, and endothelial cells.
In addition, synaptic structures are missing between noradrenergic axons and many cells, indicating that noradrenaline may serve a paracrine function. Noradrenaline can regulate the regional microenvironment, and functions both as a neurotransmitter and as an endogenous anti-inflammatory factor [13] [14] . The death of noradrenergic neurons in the locus coeruleus and noradrenergic axons in projection areas in Alzheimer's models and patients results in a decrease in noradrenaline. The inflammatory reaction in a brain with Alzheimer's disease can induce a loss of noradrenergic neurons in the locus coeruleus, which, in turn, worsens the inflammatory reaction. It has been shown that the number of dead neurons in the locus coeruleus is positively correlated with beta-amyloid deposition, neurofibrillary tangles and the degree of dementia [13] .
However, what are the pathological changes in noradrenergic neurons in the locus coeruleus of a transgenic mouse model of Alzheimer's disease? Furthermore, what are the morphological changes, cell volume, total number of neurons and locus coeruleus volume, and how are they associated with age progression?
In the present study, we investigated the pathological changes in noradrenergic neurons in the locus coeruleus in β-amyloid precursor protein and PS1 (APP/PS1) double transgenic mice. We studied the morphology of noradrenergic neurons in the locus coeruleus using tyrosine hydroxylase immunohistochemistry as a specific marker of catecholaminergic neurons, and quantitatively analyzed changes in the number of tyrosine hydroxylase-positive neurons and fibers using unbiased stereology.
RESULTS

Quantitative analysis of experimental animals
Six young (5-6 months) and six aged (16-17 months) APP/PS1 double transgenic mice and 12 age-matched wild types were used. All 24 rats were included in the final analysis. 
Morphology and quantity of noradrenergic neurons in locus coeruleus
Immunohistochemistry showed that tyrosine hydroxylase-positive neurons in the locus coeruleus were multipolar neurons with a round or oval cell body and thin, interlacing processes in both young and aged wild-type mice, as well as in young, double transgenic mice.
However, in aged double transgenic mice, tyrosine hydroxylase-positive neurons had large cell bodies and short, thick, broken processes, accompanied by a few tyrosine hydroxylase-positive fibers (Figure 1 ). Quantitative analysis of unbiased stereology revealed that the total quantity of tyrosine hydroxylase-positive neurons in the locus coeruleus was 23% lower in aged double transgenic mice than in aged wild-type mice (P < 0.05; Figure 1 ).
Correlation between age and changes in volume of tyrosine hydroxylase-positive neurons in double transgenic mice
Quantitative stereological analysis showed that the total volume of the locus coeruleus and mean volume of tyrosine hydroxylase-positive neurons were larger in aged double transgenic mice than in young double transgenic mice (P < 0.05; Figure 1 ).
Moreover, the mean volume of tyrosine hydroxylase-positive neurons correlated positively with the total volume of the locus coeruleus (r = 0.694, P < 0.05; Figure 2 ).
DISCUSSION
The locus coeruleus is located in the posterior area of the rostral pons in the lateral floor of the fourth ventricle. It is the major site to secrete the catecholamine neurotransmitter, noradrenaline, and is therefore also known as a noradrenergic cell group [15] . The locus coeruleus has over 50% of the noradrenergic neurons in the entire central nervous system, and is the principal site for brain synthesis of noradrenaline. The nucleus has widespread projections that innervate the spinal cord, cerebellum, hypothalamus, thalamic relay nuclei, amygdala, basal telencephalon, and cortex. Previous studies of Alzheimer's disease pathology have mainly focused on learning and memory and the hippocampus, but have largely neglected the locus coeruleus. The noradrenaline released from neurons in the locus coeruleus has an excitatory effect on the hippocampus and cortex, so this region is also important for cognitive functions such as learning and memory [16] . The loss of neurons in the locus coeruleus and thalamic relay nuclei has been demonstrated to be a pathological characteristic of Alzheimer's disease.
Another study reported degeneration and enlarged cell bodies, and a significant reduction (50%) in cell number, of locus coeruleus cells in human brains post Alzheimer's disease compared with those without Alzheimer's disease [17] . Transgenic mice co-expressing mutant human presenilin 1 and amyloid-β precursor protein mimic major neuropathological processes in patients with Alzheimer's disease [18] , so they are regarded as a good animal model for studying the disease. Noradrenergic neurons can be visualized by tyrosine hydroxylase, a marker of catecholaminergic neurons.
We used immunohistochemistry and quantitative analysis of unbiased stereology to study the morphology of noradrenergic neurons and numbers of tyrosine hydroxylase-positive neurons and fibers in the locus coeruleus, respectively. The total volume of the locus coeruleus did not differ between the two groups of aged mice, but the total quantity of tyrosine hydroxylase-positive neurons was 23% lower in aged double transgenic mice compared with aged wild-type mice.
Moreover, the surviving tyrosine hydroxylase-positive neurons had enlarged cell bodies and thickened, shortened dendrites. This indicates that some noradrenergic neurons died, while others developed hypertrophia, in the double transgenic mice. These changes were consistent with pathological alterations in locus coeruleus neurons in the brains of patients with Alzheimer's disease, demonstrating that this model can simulate closely this pathological process observed clinically.
The degeneration of tyrosine hydroxylase-positive neurons in the locus coeruleus of APP/PS1 mice and patients with Alzheimer's disease may be attributed to several factors. (1) A large amount of amyloid-β protein deposition and senile plaque formation has previously been observed in this model. These are highly neurotoxic and could have directly damaged the neurons. In addition, amyloid-β and senile plaques can injure nerve endings, and dystrophic neurites have previously been found in or adjacent to senile plaques [19] [20] [21] . This pathological change may result in retrograde injury and neuronal degeneration in the locus coeruleus. (2) During the progression of Alzheimer's disease, amyloid-β protein deposition and senile plaque formation activate microglia and astrocytes and release pro-inflammatory cytokines, leading to chronic inflammatory reactions in the brain. These inflammatory reactions may be associated with the loss of noradrenergic neurons and axonal degeneration in the locus coeruleus [22] [23] [24] .
Recent evidence indicates that noradrenaline is an endogenous anti-inflammatory substance. It can regulate immunity, inhibit or reduce the formation of senile plaques and neurofibrillary tangles, suppress glial cell activity and inhibit production of pro-inflammatory cytokines. Similarly, in a brain with Alzheimer's disease, the loss of noradrenergic neurons can promote the formation of senile plaques and neurofibrillary tangles, and activate glial cells. These changes can further increase the loss of noradrenergic neurons [13, [25] [26] . The number of dead noradrenergic neurons in the locus coeruleus is positively correlated with amyloid-β deposition, neurofibrillary tangles, and the degree of dementia [27] [28] .
In the present study, the total volume of the locus coeruleus and mean volume of tyrosine hydroxylase-positive neurons were larger in aged double transgenic mice compared with young double transgenic mice, and the mean volume of tyrosine hydroxylase-positive neurons was positively correlated with the total volume of the locus coeruleus. In addition, the mean volume of tyrosine hydroxylase-positive neurons was greater, and there were fewer neurons, in aged double transgenic mice compared with aged wild-type mice. This may result from surviving noradrenergic neurons becoming hypertrophic to compensate for the degenerative loss of other noradrenergic neurons in the locus coeruleus. The pathological alterations observed here reflect those in human brains with Alzheimer's disease after death, further suggesting that APP/PS1 double transgenic mice can closely model pathological changes in Alzheimer's disease.
Because of the complex pathogenesis of Alzheimer's disease, further studies are necessary to investigate the roles of various transmitter systems in its etiology. This study provides experimental evidence in favor of studying specific neurotransmitter pathways in APP/PS1 double transgenic mice as a model for Alzheimer's disease.
MATERIALS AND METHODS
Design
A randomized, controlled animal study.
Time and setting
The experiments were conducted in the Laboratory of Human Anatomy and Neurobiology, Central South University, China from June 2010 to September 2011.
Materials
Six young (5-6 months old) and six aged (16-17 months old) APP/PS1 double transgenic mice were selected. They were housed individually for 1 week at 20-24°C, 45-55% humidity, natural illumination, and allowed free access to food and water. The animals were provided by the Gerontology Research Center of the National Institutes of Health, USA.
Experimental procedures were conducted in accordance with the Guidance Suggestions for the Care and Use of Laboratory Animals, formulated by the Ministry of Science and Technology of China [29] .
Methods
Sampling and sectioning of the locus coeruleus in brainstem of mice
The mice were anesthetized by intraperitoneal injection with 3% pentobarbital sodium (30 mg/kg), subjected to left ventricle-ascending aorta cannulation, and perfused with normal saline followed by 4% paraformaldehyde (pH 7.4) at 4°C. The brains were harvested, postfixed for 6 hours, immersed in gradient sucrose solution (15%, 30%), and 25 μm thick serial coronal sections of the locus coeruleus and surrounding area in the brainstem were cut using a freezing microtome (Shandon, UK), according to the principal of Systematic-Uniform-Random sampling [30] [31] [32] [33] .
The sections were collected using 12-well plates, and one section was selected for every five cuts. Four sets of sections were obtained from each mouse, and each set contained nine sections that included the locus coeruleus. One set was used for immunohistochemistry, and the others were placed in anti-freeze buffer and stored at -80°C.
Immunohistochemistry for detecting morphology of noradrenergic neurons in the locus coeruleus
The sections were rinsed in 0.01 mol/L PBS (pH 7. PBS instead of primary antibody was used as a negative control. Sections were observed by light microscope (Olympus, Tokyo, Japan).
Unbiased stereology for quantifying tyrosine hydroxylase-positive neurons and volume of locus coeruleus
The total quantity and volume of tyrosine hydroxylase-positive neurons, and locus coeruleus volume, were determined according to a previously described method [30] [31] [32] [33] .
Briefly, the brain tissues were dehydrated, embedded, and cut into serial frozen sections (30 μm thick), and sections containing locus coeruleus were collected. One section was selected from every five sections for tyrosine hydroxylase staining. The stained sections were mounted and dried.
Results were obtained using investigator software (NIH, USA) with the following parameters: frame area, 50%; frame height, 11 μm; frame pitch, 80 μm. Total quantity and size of positive neurons, and volume of locus coeruleus tissues, were calculated based on calculus principles.
Statistical analysis
Results were expressed as mean ± SD and analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA).
Intergroup differences in mean value were compared by paired t-test. The total volume of locus coeruleus and mean volume of tyrosine hydroxylase-positive neurons in locus coeruleus were subjected to linear correlation analysis. A value of P < 0.05 was considered statistically significant.
